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Polyploidy in angiosperms i . Leitch and

Michael D. Bennett

Polyploidy has played a major role in higher plant evolution. Most flowering plants
are polyploid, and many are distinct in combining the diploid nuclear genomes from
two or more different ancestral species or genera (allopolyploids). Recently, mol-
ecular techniques have offered powerful new tools for studying the origin and evolu-
tion of polyploids. Genomic in situ hybridization allows unequivocal identification of
allopolyploids and visualization of their ancestral genomes. Studies of restriction
fragment length polymorphism have shown that maize - hitherto generally viewed as
a diploid - is really a tetraploid, and that multiple origins are common, if not the rule,
for polyploid plant species. It appears that after polyploid formation, considerable
and sometimes very rapid changes in genome structure and gene expression have

occurred.

somes in their nuclei instead of the two found in tribution of DNA in the chromosomes, and has contributed

Polyploids have three or more complete sets of chromo- invaluable for monitoring the linear organization and dis-

diploids (Box 1). The level of ploidy can be extremely to the identification of new polyploid species based on com-
high. The stonecrop Sedum suaveolens, which has the parative mapping. RFLP analysis of both chloroplast and

highest chromosome number of any
angiosperm (2n of about 640, where n is
the gametic chromosome number), is
estimated to be about 80-ploid’. Unlike
in animals, where polyploidy is rela-
tively rare, it has been estimated that
95% of pteridophytes and up to 80% of
angiosperms are polyploid®. Thus poly-
ploidy has played a significant role in
the evolution of higher plants, although
its occurrence is surprisingly uncom-
mon in gymnosperms and highly vari-
able between different angiosperm fami-
lies. A particularly distinctive feature of
the evolution and speciation of flower-
ing plants is allopolyploidy — the combi-
nation of genetically different diploid
nuclear genomes from two or more dif-
ferent ancestral species or genera.
Understanding polyploidy assumes
even greater significance when it is
considered that most important crops
are polyploid (e.g. wheat, maize, sugar
cane, potato, coffee and cotton).

Novel uses of molecular techniques
have recently opened up powerful ways
for investigating the genomic or DNA
sequence constitution of polyploids.
These provide exciting new ingights
into the molecular events that have
occurred during polyploid evolution.
This review considers the impact of
these new findings for understanding
polyploidy in angiosperms.

Molecular methods for analysing
polyploids

Numerous molecular techniques
have been exploited to investigate poly-
ploid genome organization and evolu-
tion. Molecular mapping, including
restriction fragment length polymor-
phism (RFLP) analysis, has been
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Box 1. What is a polyploid?

Polyploids contain more than two genomes:

+_ A genome-is the total DNA in one basic set of chromosomes (x), as found in a
mature pollen or egg cell nucleus prior to fertilization (n is the gametic chromosome
number)

« A diploid cell nucleus contains two genomes, as found in egg cells following
fertilization.

+ A polyploid cell nucleus contains more than two genomes. Two hasic types of
polypleids are recognized: autopolyploids, which eontain morethan two genetically
identical genomes; and allopolyploids, which combine genomes from more than'one
ancestral species (e.g. an allotetraploid contains four genomes from two different

diploid ancestral species).

Diploid A Diploid A Diploid A Diploid B
(2n=2x = 8) (2n =2x = 8) @n=2x=8) (2n=2x=14)
Autopolyploid Allopolyploid
(2n = 4x =16) (2n = 4x = 22)

In nature, auto- and allopolyploids are not always clearly recognizable, and a whole
spectrum exists with ‘many- polyploids falling somewhere in between these two
extremes. The identification of a polyploid of unknown genome compesition is often
difficult; because many polyploids [e.g. hexaploid wheat (Triticum aestivum)} are
known to behave cytogenetically-as diploids, with strict bivalent pairing and recom-
bination:at meiosis. Although the genes responsible for this have been mapped in
some cases [e.g. the Phl (‘pairing homologous’) in wheat] their precise mode of
action is still unknown.
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ribosomal DNA sequences has also
been used for identifying the parental
origin of polyploid genomes, and has
provided compelling evidence that poly-
ploids have multiple origins.

The development of genomic in situ
hybridization (GISH) has provided
new insights into the origin and evolu-
tion of polyploid genomes. GISH com-
bines conventional cytogenetics with
DNA-DNA in situ hybridization tech-
niques, allowing chromatin of different
parental or ancestral origins to be dis-
tinguished. The first use of GISH for
analyzing a wild, naturally occurring
polyploid was in a study to test the
genomic origin of, and relationship
between, the grasses Milium mon-
tianum and M. vernale® (Box 2). The
results revealed that M. montianum is
an allopolyploid and suggested that one
of the genome donors was M. vernale or
some close relative. They also showed
that M. montianum is genetically dis-
tinct from M. vernale and thus should
be given full specific status. This
biogsystematic use has developed
rapidly and GISH is now widely
applied to allopolyploids to reveal their
genomic origin and organization*,

Evidence for new polyploid species
The recent upsurge in genome map-
ping initiatives and the identification
of synteny (conservation of linkage
groups between species) has shown
that several crop species traditionally
considered as diploid are actually poly-
ploid. Comparative RFLP mapping of
grasses has shown that maize, gener-
ally thought to be a diploid, has two
distinet genomes® and is thus
tetraploid (Fig. 1). Similarly, genome
mapping of modern species of Brassica,
which are widely considered to be
diploid, has identified extensive
stretches of DNA present in three
collinear copies compared with the
related diploid species Arabidopsis.
This suggests that modern species of
Brassica have descended from a com-
mon hexaploid ancestor and are thus
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Box 2. Testing the genome origins of Milium montianum using
genomic in situ hybridization

Based on morphology, the grass Milium montianum (a) was originally recognized as
a distinct species separate from M. vernale (b). Cytological analysis of plants that
proved on morphological grounds to be M. montianum revealed a bimodal karyotype
(2n = 22, where n is the gametic chromosome number) consisting of eight large and
14 small chromosomes (¢). This was in contrast to the karyotype of M. vernale (2n =
8), which consisted of just eight large chromesomes (d). In (c) and (d), the upper pan-
els show root-tip metaphase chromosome preparations and the lower panels show
haploid idiograms (diagrammatic representations of chromosome morphology). The
similarities in size, shape and number of the eight large chromosomes of M. mon-
tianum with those of M. vernale suggested that M. montianum may be an allote-
traploid containing two genomes donated by M. vernale or some close relative.
Conventional methods of resolving this question (i.e. making hybrids and analysing
meiosis) failed, and thus genomic in situ hybridization was tried. When genomic
DNA from M. vernale was used to probe chromosome spreads from M. montianum,
it hybridized preferentially to all eight large chromosomes, labelling them yellow
uniformly along almost their entire length (e). The small chromosomes were un-
labelled, appearing red because of the counterstain. The result confirms. that M.
montianum is an allopolyploid, containing two genomes donated by M. vernale or
some close relative, and shows that M. montianum is genetically distinct from M.
vernale and thus should be taxonomically separated and given full specific status.
Scale bar for (), (d) and (e) represents 5 pm.

degenerate hexaploids®. Extending comparative mapping
to other Crucifers, including Crambe, Sinapis and
Moricandia, suggests that they too share' the common
hexaploid ancestor with Brassica and thus may also all be
hexaploids.

Genome mapping has also revealed that the level of
ploidy may have been underestimated for some species
already recognized as polyploids. For example, cotton has
traditionally been considered to be allotetraploid (2n = 4x =
52, where x is the ploidy level). However, the RFLP map
made by Reinisch et al.” indicates that it is a paleo-octoploid
formed perhaps 1.1-1.9 million years ago following a

polyploidization event that converted the basic chromosome
number from 13 to 26.

Multiple origins of polyploid species

An exciting recent development is the discovery that a
single polyploid species can originate more than once (i.e. it
has multiple origins®). This challenges the long-held view
that polyploid formation is rare, with each polyploid species
typically thought to have had a single origin. Although
isozyme data provided some evidence for multiple origins of
polyploid ferns®, in many cases the data were ambiguous.
Now, the use of molecular markers from chloroplast and
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Rdb \[R4b fragment length polymorphism (RFLP) analysis using ribo-
29 Ri2a somal DNA (tDNA) as a probe revealed that all populations
R12b ! of T. dubius contained a single band of 11.2 kb (e.g. popu-

Fig. 1. The tetraploid structure of maize relative to rice.
Restriction fragment length polymorphism mapping studies
have divided the rice chromosomes into linkage blocks as
shown in (a). Comparative mapping between rice and maize
reveals that the maize chromosomes can be represented as
rice blocks on the basis of homology and/or conservation of
gene order. For example, maize chromosome M3 contains
segments that are homologous to rice linkage blocks R12a,
Rla and R1b (b). Connecting lines indicate duplicated seg-
ments within the maize chromosomes (e.g. a line connects
rice linkage block R12a on maize chromosome M3 with a
duplicated segment on maize chromosome M10), providing
clear evidence that maize is a tetraploid with nearly all rice
linkage blocks represented twice in the maize genome. The
dotted line connects regions of uncertain homology. The ten
maize chromosomes are arranged into two columns, with
each column containing one haploid maize genome compris-
ing five chromosomes. Modified from Ref. 5.

lation D), which was present in all populations of T. mirus
(e.g. populations M, and M,). However, different populations
of T. porrifolius contained different rDNA profiles.
Population P, had fragment sizes of 6.2, 5.9, 5.3 and 3.8 kb,
whereas population P, had fragment sizes of 11.2, 5.9, and
5.3 kb. An analysis of different populations of T. mirus
showed that some (e.g. population M,) contained the RFLP
profile from population P, of T. porrifolius, whereas others
{e.g. population M,) contained the profile from population
P,, thus providing evidence of multiple origins of T. mirus.
The data shown on the left are depicted on the right to show
the parental origin of the different rDNA bands (e.g. black
bands in M, lanes correspond to rDNA bands from popu-
lation P, of T porrifolius). Modified from Ref. 10.

ribosomal DNA has provided unequivocal evidence for mul-
tiple origins of polyploid species'® (Fig. 2). Molecular mark-
ers have the distinct advantage over other markers (e.g.
those based on biochemical and morphological characters)
in that they are independent of gene expression; they are
thus insensitive to the influence of environment and genetic
background, and are developmentally stable.

Over 40 examples of multiple origins of both allo- and
autopolyploids (Box 1) have now been documented in
angiosperms, pteridophytes and bryophytes. Moreover, the
data suggest that multiple origins are more common than
single origins for polyploid taxa'’. The highest demon-
strated number of separate origins for a single polyploid
species is 13 (e.g. in Draba norvegica and Tragopogon
miscellus), but this value seems likely to increase.

From a systematic viewpoint, multiple origins of poly-
ploids may offer one important explanation for taxonomi-
cally complex polyploid species, particularly where the
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probable diploid progenitor species have a wide geographi-
cal distribution. The genus Draba (Brassicaceae) is well
known for its taxonomic complexity in arctic and alpine
floras, and its polyploids, in particular, are difficult to
group. The discovery that such polyploids have arisen recur-
rently from different populations of the same diploid pro-
genitor species (polytopy) provides some explanation of the
problems'2,

Polyploid genome evolution

There is increasing evidence to show that considerable
and sometimes very rapid genomic change may occur
following polyploid formation. Moreover, such changes
have been identified at all levels of the genome, from the
chromosome to the DNA sequence.

Chromosome-level evolution

GISH can not only identify allopolyploids and their
parental genome donors (as in M. montianum; Box 2), but
can also be used to examine the organization and evolution
of the parental genomes in the polyploids. It is now clear
that considerable structural rearrangements may occur



following polyploid formation. For example, GISH analysis
identified nine intergenomic translocations in tobacco,
which is allotetraploid'®; it also revealed at least five
intergenomic translocations in the allotetraploid Avena
maroccana™ and as many as 18 in the allohexaploid A.
sativa®®. RFLP analysis has also uncovered many chromo-
some interchanges in soybean, which is a tetraploid®.
Similarly, although maize is now recognized to be tetraploid
(2n = 4x = 20), the two ‘genomes’, each with five chromo-
somes, are differentiated such that no completely homolo-
gous chromosomes can be identified®. The maize genome is
therefore no longer structured as a tetraploid, implying that
considerable chromosomal reorganization has taken place
since polyploidy first occurred. Gaut and Doebley'” have
shown that the extent of sequence divergence in the differ-
ent duplicated segments of the maize chromosomes falls
into two discrete groups. They propose that these differ-
ences correspond to different stages in the evolution of
tetraploid maize.

The presence of intergenomic chromosome translocations
in nature are particularly interesting in the context of poly-
ploid evolution, because they represent new genomic
arrangements that are possible only once a polyploid has
formed. Jiang and Gill have distinguished two different
types of intergenomic translocations': ‘random translo-
cations’, which oceur in different chromosomes in different
populations of the same polyploid species; and ‘species-
specifi¢’ translocations, involving specific chromosomes, and
found in every polyploid population of a species. To explain
the presence of the second type, Gill proposed the ‘nucleo-
cytoplasmic interaction (NCI) hypothesis’ of genome evolu-
tion and speciation in polyploid plants®. According to this
hypothesis, a newly formed polyploid must pass through a
‘bottleneck’ of sterility resulting from the adverse inter-
action between the male nuclear genome and the nuclear
and cytoplasmic genomes of the female parent. Certain
bottleneck (species-specific) chromosomal changes must
occur in the nuclear genome to restore fertility and nucleo-
cytoplasmic compatibility. Jiang and Gill"® suggested that
the intergenomic translocations they found in two
tetraploid wheats belonged to the second type of chromoso-
mal change, because they occurred in all populations
examined.

Species-specific intergenomic franslocations were also
observed using GISH in allotetraploid tobacco (Fig. 3a),
which combines two ancestral genomes known as the S and
T genomes', The S genome donor is widely accepted to be
Nicotiana sylvestris or some close relative. The identity of
the T genome donor is more controversial, although it is
likely to come from Section Tomentosae. Kenton et al.*
analysed three different tobacco genotypes and found that
each line had up to nine different homozygous transloca-
tions between the S and T genomes (Fig. 3b). By physically
mapping two highly repetitive DNA sequences, the identi-
ties of the chromosomes involved in three of the recombi-
nants were determined, revealing at least one recombinant
chromosome (ST1) common to all genotypes™. The chromo-
some ST1 may represent a species-specific chromosome
translocation that occurred during polyploid formation and
restored nucleo-cytoplasmic compatibility’. The continued
physical mapping of DNA sequences and whole genomes by
fluorescent in situ hybridization (FISH) should uncover
other interesting types of chromosome rearrangements
arising from polyploidy.

(b)
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Fig. 3. Identification of intergenomic chromosome trans-
locations in tobacco (2n = 4x = 48, where n is the gametic
chromosome number and « is the ploidy level) using genomic
in situ hybridization (GISH). (a) Chromosome preparations
of tobacco cv. 095-55 probed with total genomic DNA from
Nicotiana sylvestris, the S genome donor of tobacco. Sites of
hybridization are visualized using the yellow fluorochrome
fluorescein. Unlabelled chromosomes (from the T genome
component of tobacco) appear red because of the counter-
stain. Two of the intergenomic translocations are arrowed.
(b) Diagrammatic representation of the nine intergenomic
translocations that have been identified in tobacco geno-
types using GISH (Ref. 13). Black and white areas indicate
T and S genome chromatin, respectively. Chromosome
nomenclature follows that of Parokonny and Kenton®, Scale
bar represents 10 um in (a) and 1 pym in (b).

Sequence-leve! evolution

The bringing together of multiple genomes following
polyploid formation also opens up the possibilities of
intergenomic sequence interaction and evolution. Molecular
studies are showing that similar sequences brought
together from different genomes may undergo concerted
evolution rather than continuing to evolve independently.
The strongest evidence for this comes from work on
Gossypium polyploids that have been assigned the genomic
designation AADD (Ref. 21). The allotetraploids contain two
ribosomal RNA (rRNA) gene loci from the A genome pro-
genitor and two from the D genome progenitor. Analysis of
the internal transcribed spacer (ITS) sequence between the
5.8S and 18S rDNA showed that the sequences had become
identical to those of the D genome in most of the Gossypium
allotetraploids. Interestingly, however, in the allotetraploid
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G. mustelinum, the sequences homogenized to the A genome
ITS sequence, indicating that interlocus evolution could be
bidirectional. The mechanism of such interlocus hom-
ogenization was suggested to be unequal crossing-over that
may be facilitated by the telomeric location of these rDNA
sites in Gossypium. Currently, Gossypium is the only well-
documented case of interlocus concerted evolution in
angiosperms. However, Wendel et al.* pointed out that con-
certed evolution among rDNA loci may be more common
than previously recognized given the accumulating evidence
of ITS sequence homogeneity in ‘diploid’ plant groups
suspected to be paleopolyploids.

Clearly, not all sequences or even all rDNA sequences are
susceptible to concerted evolution. An analysis of 5S rDNA
in allopolyploid cottons showed that the different loci had
retained their subgenomic identity in the polyploidZ.
Interestingly, 5S rDNA sequences are located near the
centromere in cotton chromosomes® and so may be unable
to undergo unequal crossing-over and thus concerted
evolution.

Song et al.** examined genome evolution in naturally
occurring and synthetic Brassica polyploids. The extent of
genome change was determined by following the fate of a
variety of nuclear DNA clones using Southern hybridiz-
ation. Although the nature of the DNA sequences being ana-
lyzed was mostly unknown, significant genome divergence
was apparent in some of the polyploids. They concluded that
the extent of change in the polyploid nucleus was, in part,
determined by the degree of genome similarity between the
different parental genomes of the polyploid. Brassica poly-
ploids containing parental genomes from widely divergent
diploid species underwent more extensive genomic change
than those containing more similar parental genomes™.

Song et al.** also claimed that the extent of genome
change depended on parental origin. Thus, the genome
originating from the maternal parent, which donates both
the cytoplasm and the nucleus to the polyploid, underwent
much less change than the genome from the paternal par-
ent, which donates only its nuclear DNA to the polyploid.
The greater genomic changes observed in the paternal
genome presumably reflect the requirement for genome
readjustments in a newly formed polyploid nucleus'. The
analysis of synthetic Brassica polyploids showed that such
genome change was rapid, with genome divergence already
detectable only five generations after polyploid formation.

New patterns of gene expression in polyploids

The novel association of different species genomes within
a single nucleus not only affects the evolution and organiz-
ation of the DNA: the expression of the DNA itself may also
be altered as a consequence of polyploidy.

Initially, isozyme analysis of polyploids provided some
evidence of ‘gene silencing’, a process whereby the expres-
sion of additional copies of genes in the polyploid nucleus
could be suppressed. For example, loss of duplicate gene
expression of the isozyme leucine aminopeptidase was found
in tetraploid Chenopodium species. The isozyme pattern
reflected that found in the diploid ancestors of the poly-
ploid®. More recently, DNA sequence analysis has shown
gene silencing in several polyploid species'’. If extensive,
the process could reduce the level of gene expression to the
diploid state. Thus, although the genome is polyploid with
respect to the amount of genetic material and the number
of gene copies it contains, it is essentially diploid with
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respect to the level of gene expression and chromosomal
behaviour®?’,

The mechanisms by which altered gene expression
through gene silencing operate are still under debate. One
suggestion is that silencing takes place by structural
changes (e.g. insertions, deletions and nonsense mutations)
in the DNA of the ‘extra’ gene copies, leading to defective,
nonfunctional genes. For example, Pichersky et al.?® identi-
fied many structurally defective copies of the chlorophyll
a/b-binding (CAB) protein gene in a homosporous fern in
addition to one functional CAB gene. Several hypotheses
could explain this result, but the most likely explanation is
that the defective genes represented the products of ‘gene
silencing’ mechanisms following polyploidy.

Another suggestion centres on the observation that
multiple copies of a sequence have been shown to trigger
epigenetic phenomena, collectively termed homology-
dependent or repeat-induced gene silencing. In plants, these
can be divided into transcriptional silencing, probably re-
flecting regulation at the DNA level, and post-transcriptional
silencing, which affects steady-state RNA levels. There is
substantial evidence that the expression of foreign DNA
introduced into plants can be reduced or lost in these
ways?®. The underlying molecular events are still poorly
understood, but recent work implicates the possible involve-
ment of specific gene sequences; repeat-induced changes in
chromatin structure; the location of the sequence in relation
to scaffold attachment regions; and/or cytosine methyl-
ation®’. Similar mechanisms may operate on endogenous
repetitive DNA sequences present in the plant genome (e.g.
transposable elements and retroelements) that arise
through replicative transposition of transposable elements
or genomic turnover processes (e.g. unequal crossing over®)..
It is therefore possible that these processes could silence
specific sequences present in multiple copies as a conse-
quence of polyploid formation. Homology-dependent gene
silencing does not operate on all types of repeated sequences
(e.g. multigene families), and thus other mechanisms must
exist to counteract or prevent it®.

Evidence of extensive reduction in gene expression,
through gene silencing, to that typical of a diploid has been
provided in only a few polyploid plant species, including
maize'!, Here, many of the enzyme systems show expression
patterns typical of a diploid*, even though maize is now rec-
ognized as tetraploid. Increasingly, the genomes of ferns,
which show diploid isozyme expression patterns, are
thought to represent the products of ancient polyploid
events followed by extensive gene silencing leading to a
‘diploid’ genome'®, Similar extensive diploidization has
also been observed in other organisms, including fish and
amphibians®,

New evidence suggests that changes in chromosome
number brought about through polyploidy may also play a
role in controlling gene expression, thus providing a novel
form of epigenetic gene regulation®. For example, the
expression of a single copy transgene introduced into
Arabidopsis was reduced in triploid and tetraploid plants
relative to diploids. Only one copy of the sequence was pres-
ent, and thus the role of homology-dependent gene silencing
could be ruled out. The precise mechanism involved was not
determined, but a role for the chromosome number in regu-
lating gene expression was strongly implicated®. Similarly,
Guo et al.*® examined RNA transcription levels for 18 leaf-
tissue genes in monoploid, diploid, triploid and tetraploid



maize. The transcript levels for most of the genes were
directly proportional to the structural gene dosage, but in a
few cases gene expression was either greater or less than
expected. In one gene, the transcript level was elevated
more than sixfold in the triploid compared with the diploid
or tetraploid, This unusual response, which is reminiscent
of the ‘odd/even effect’ observed with B chromosomes in rye
and maize®, also suggests that chromosome number is
involved in some way in controlling gene expression.

The evolutionary potential of being polyploid

Molecular studies reveal the polyploid nucleus to be a
dynamic system, capable of undergoing considerable evolu-
tionary change with respect to its diploid ancestors. Yet it
seems that the extent and type of change, and thus the evo-
lutionary potential of the polyploid, is influenced by several
different, though possibly interacting, factors:

» The parental origin of the DNA sequences (paternal or
maternal).

* The type of sequence (e.g. repetitive DNA or gene-coding
DNA).

+ The chromosomal location of the sequence (e.g. telomeric
or centromeric).

+ The position of the sequence in relation to its molecular
environment (e.g. proximity to heterochromatin, promoter
sequences and scaffold-attachment regions).

» The degree of genetic similarity between the different
genomes being brought together in the polyploid nucleus.

* The level of ploidy in the plant.

The intergenomic chromosomal rearrangements that
have been observed in several polyploids may represent one
of a number of mechanisms that act by bringing together
particular groups of genes into regions of the nucleus to
enable these new types of sequence evolution, gene interac-
tions and expression patterns to take place. Indeed, these
changes may represent an important step towards the suc-
cessful establishment of a newly formed polyploid.

Future prospects

Polyploidy is a fascinating phenomenon with intriguing
evolutionary and practical potential. Given the high propor-
tion of polyploids, and the high frequency with which new
polyploids are formed, plants probably offer the best model
system for new studies aimed at elucidating the molecular
mechanisms and processes involved in polyploid formation
and subsequent genome evolution. The absence of ethical
problems, which affect the use of some animal systems, is
another significant advantage. As so many economically
useful species are polyploid, understanding the molecular
mechanisms involved in diploidization will be vital for
improved manipulation of their genomes to benefit
humankind. Such improvement requires stable chromosome
behaviour and controlled gene expression. Failure to
achieve this would be a major factor limiting future
advances in plant biotechnology. The first successful artifi-
cial crop species — Triticale — is an allopolyploid combining
the genomes of wheat (Triticum) and rye (Secale)®.
However, it is still impossible to predict which diploid
genomes when combined will coexist stably and produc-
tively in new polyploids. Transforming the present ‘hit-and-
miss’ process into an exact science based on molecular
understanding would open the way forward for designing
new and better polyploid species for agriculture, horticul-
ture and silviculture.

trends in
reviews

References

1 Uhl, C.H. (1978) Chromosomes of Mexican Sedum, II Section
Pachysedum, Rhodora 80, 491-512

2 Masterson, J. (1994) Stomatal size in fossil plants: evidence for
polyploidy in majority of angiosperms, Science 264, 421-424

3 Bennett, 8.T., Kenton, AY. and Bennett, M.D. (1992) Genomic in situ
hybridization reveals the allopolyploid nature of Milium montianum
(Gramineae), Chromosoma 101, 420-424

4 Heslop-Harrison, J.S. and Schwarzacher, T. (1996) Genomic Southern
and in situ hybridization for plant genome analysis, in Methods of
Genome Analysis in Plants (Jauhar, P.P., ed.), pp. 163-179,

CRC Press

5 Moore, G. et al. (1995) Grasses, line up and form a cirele, Curr. Biol. 5,
737-739 .

6 Scheffler, J.A. et al. Desaturase multigene families of Brassica napus
arose through genome duplication, Theor. Appl. Genet. (in press)

7 Reinisch, A.J. et al. (1994) A detailed RFLP map of cotton, Gossypium
hirsutum X Gossipium barbadense: chromosome organization and
evolution in a disomic polyploid genome, Genetics 138, 829-847

8 Soltis, D.E. and Soltis, P.S. (1995) The dynamic nature of polyploid
genomes, Proc. Natl. Acad. Sci. U. 8. A. 92, 8089-8091

9 Werth, C.R., Guttman, S.I. and Eshbaugh, W.H. (1985) Recurring
origins of allopolyploid species in Asplenium, Science 228, 731-733

10 Soltis, P.S. and Soltis, D.E. (1991) Multiple origins of the allotetraploid
Tragopogon mirus (Compositae): rDNA evidence, Syst. Bot. 16,
407-413

1 Soltis, D.E. and Soltis P.S. (1993) Molecular data and the dynamic
nature of polyploidy, Crit. Rev. Plant Sci. 12, 243-273

12 Brochmann, C., Soltis, P.S. and Soltis, D.E. (1992) Recurrent
formation and polyphyly of nordic polyploids in Draba (Brassicaceae),
Am. J. Bot. 79, 673-688

13 Kenton, A. et al. (1993) Characterization of the Nicotiana tabacum L.
genome by molecular cytogenetics, Mol. Gen. Genet. 240, 159-169

14 Jellen, E.N., Gill, B.S. and Cox, T.S. (1994) Genomic in situ
hybridization differentiates between A/D- and C-genome chromatin
and detects intergenomic translocations in polyploid oat species (genus
Avena), Genome 31, 613-618

15 Chen, Q. and Armstrong, K. (1994) Genomic in situ hybridization in
Avena sativa, Genome 37, 607-612

16 Shoemaker, R., Olson, T. and Kanazin, V. (1996} Soybean genome
organization: evolution of a legume genome, in Genomes of Plants and
Animals: 21st Stadler Genetics Symposium (Gustafson, J.P. and
Flavell, R.B., eds), pp. 139-150, Plenum Press

17 Gaut, B.S. and Doebley, J.F. (1997) DNA sequence evidence for the
segmental allotetraploid origin of maize, Proc. Natl. Acad. Sci. U. S. A.
94, 6809-6814

18 Jiang, J. and Gill, B.S. (1994) Different species-specific chromosome
translocations in Triticum timopheevii and T turgidum support the
diphyletic origin of polyploid wheats, Chromosome Res. 2, 59-64

19 Gill, B.S. (1991) Nucleocytoplasmic interaction (NCI) hypothesis of
genome evolution and speciation in polyploid plants, in Proceedings of
the Kihara Memorial International Sympostum on Cytoplasmic
Engineering in Wheat (Sasakuma, T. and Kinoshita, T., eds),
pp- 48-53, Yokohama

20 Parokonny, A.S. and Kenton, A.Y. (1995) Comparative physical
mapping and evolution of the Nicotiana tabacum L. karyotype, in Kew
Chromosome Conference IV (Brandham, P.E. and Bennett, M.D,, eds),
pp- 301-320, Royal Botanic Gardens, Kew

21 Wendel, J.F., Schnabel, A. and Seelanan, T. (1995) Bidirectional
interlocus concerted evolution following allopolyploid speciation in
cotton (Gossypium), Proc. Nail. Acad. Sci. U. S. A. 92, 280-284

22 Cronn, R.C. et al. (1996) Polymorphism and concerted evolution in a
tandemly repeated gene family: 53 ribosomal DNA in diploid and
allopolyploid cottons, J. Mol. Evol. 42, 685~705

December 1997, Vol. 2, No. 12 475



5 in plant science
reviews

23 Hanson, R.E. et al. (1996) Distribution of 58 and 18S-28S rDNA loci in
a tetraploid cotton (Gossypium hirsutum L.) and its putative diploid
ancestors, Chromosoma 105, 55-61

24 Song, K. et al. (1995) Rapid genome change in synthetic polyploids of
Brassica and its implications for polyploid evolution, Proc. Natl. Acad.
Sei. U. S. A. 92, 7719-7723

25 Wilson, H.S., Barber, S.C. and Walters, T. (1983) Loss of duplicate gene
expression in tetraploid Chenopodium, Biochem. Syst. Ecol. 11, 7-13

26 Leipoldt, M. (1983) Towards an understanding of the molecular
mechanisms regulating gene expression during diploidization in
phylogenetically polyploid lower vertebrates, Hum. Genet. 65, 11-18

27 Ohno, 8. (1970} Evolution by Gene Duplication, Springer

28 Pichersky, E., Soltis, D. and Soltis, P. (1990) Defective chlorophyll a/b
binding protein genes in the genome of a homosporous fern, Proc. Natl.
Acad. Sci. U. 8. A. 87, 195-199

29 Baulcombe, D.C. and English, J.J. (1996) Ectopic pairing of homologous
DNA and post-transcriptional gene silencing in transgenic plants,
Curr. Opin. Biotechnol. 7, 173-180

30 Meyer, P. (1996) Repeat-induced gene silencing: common mechanisms
in plants and fungi, Biol. Chem. Hoppe-Seyler 3177, 87-95

31 Thompson, W.F. et al. (1996) Matrix attachment regions and transgene
expression, in Genomes of Plants and Animals: 21st Stadler Genetics
Symposium (Gustafson, J.P. and Flavell, R.B., eds), pp. 243-269,
Plenum Press

32 Matzke, MLA., Matzke, A.J .M. and Eggleston, W.B. (1996)
Paramutation and transgene silencing: a common response to invasive
DNA, Trends Plant Sci. 1, 382-388

33 Flavell, R.B. (1994) Inactivation of gene expression in plants as a
consequence of specific sequence duplication, Proc. Natl. Acad. Sci.

U. S. A 91, 3490-3496

34 Wendel, J.F. et al. (1989) Duplicated plastid and triplicated cytosolic
isozymes of triosephosphate isomerase in maize (Zea mays L.),
oJ. Hered. 80, 218-228

35 Mittelsten Scheid, I. et al. (1996) A change of ploidy can modify
epigenetic silencing, Proc. Natl. Acad. Sci. U. S. A. 93, 7114-7119

36 Guo, M., Davis, D. and Birchler, J.A. (1996) Dosage effects on gene
expression in a maize ploidy series, Genetics 142, 1349-1355

37 Jones, R.N. and Rees, H. (1982) B Chromosomes, Academic Press

38 Gupta, P.K. and Reddy, V.R.K. {1991) Cytogenetics of Triticale — a man-
made cereal, in Chromosome Engineering in Plants: Genetics, Breeding,
Evolution (part A) (Gupta, P.K. and Tsuchiya, T., eds), pp. 335-359,
Elsevier

llia Leitch* and Michael Bennett are at the Jodrell Laboratory,
Royal Botanic Gardens, Kew, Richmond, Surrey, UK TW9 3AD.

*Author for correspondence (tel +44 181 332 5329;
fax +44 181 332 5310; e-mail i.leitch@rbgkew.org.uk).



